Abstract: The very low sliding friction at natural synovial joints, with friction coefficients µ < 0.002 at pressures up to 5 MPa or more, has not to date been attained in any man-made joints or between model surfaces in aqueous environments. We find that surfaces bearing grafted-from polyzwitterionic brushes in water can have µ values down to 0.0004 at pressures up to 7.5 MPa.
shows typical normal-force vs. surface separation profiles between pMPC brush-bearing mica surfaces in the standard crossed cylinder SFB configuration, in pure water and at salt concentrations ca. 0.01M and 0.1M NaNO 3 (the pMPC brush and monomer structure is inset to fig. 2A ). Some contraction of the pMPC brushes is seen in the salt solutions relative to pure water. The highest normal loads F n applied are some 2 or more orders of magnitude higher than in earlier brush studies (4, 5) using the SFB. This leads to substantial flattening at the contact region, as indicated in the photo of the interference fringes, fig. 2B (and schematically in fig.   2C ), from which the contact area A between the surfaces is measured directly (the mean pressures P across the flattened contact area are given by P = F n /A). Comparison with the control profiles from fig. 1A in the absence of polymer (dotted and broken curves in fig. 2A ) reveals the extension of the unperturbed brushes from the macroinitiator layer, while fits to the force profiles provide more detailed information on the brush characteristics(12-section C, 13) .
We note the similarity of the profiles both on approach and separation of the surfaces (characteristic of brush interactions), and particularly their insensitivity to repeated shear up to the highest compressions, revealing the robustness of the layers to friction and shear-off(15). Table 1 . These show that the friction coefficient µ -taken as the slope of the F s vs F n plot -is in the range of values µ ≈ (1.5±1).10 -3 up to the highest mean contact pressures applied, P ≈ 7.5 MPa (75 atmospheres). The values of µ, though remaining very low, are seen to increase slightly within this range as the salt concentration increases. The variation of the shear or friction force with sliding velocity v s is shown in fig. 4b , revealing a weak F s (v s ) dependence over 3 orders of magnitude in v s .
Our findings show that brushes of pMPC, a polyzwitterion whose monomers carry the phosphorylcholine group (as in naturally-occurring phospholipid headgroups), can reduce friction to levels previously seen only in natural joints (µ of order 0.001 at pressures of 5 MPa or more). Earlier studies (4, 5) between polymer-brush-coated surfaces showed similarly low friction coefficients, but only at very much lower pressures. At higher pressures, the coefficient of friction became large, either due to entanglement or vitrification of the brushes(4), or as a result of the increasing frictional shear at these pressures removing the relatively-weaklyattached charged brushes from the surface (5) . What is the mechanism underlying the strikingly low friction in the present study?
Earlier studies with charged brushes attributed comparably low friction coefficients (at much lower pressures) to a combination of factors. At low to moderate pressures, interpenetration (and therefore entanglement) of the opposing brushes was suppressed by configurational entropy effects (4, 6, 16) . At the higher compressions of the present study, such interpenetration during the sliding is attributed instead to a self-regulation mechanism within the interfacial region (6, 17) . According to this, the mutual interpenetration zone of the sliding brushes, where the viscous dissipation leading to frictional drag occurs, has a thickness δ. This thickness varies so that the relaxation rate of the polymer moieties within it equals the shear-rate within the zone, that is, (1/τ(δ)) ≈ (v s /δ). Such self-regulation can readily be seen to lead to a weak dependence of friction on sliding velocity v s , which is in line with the observed data at high loads, fig. 4B , and a similar variation has been seen earlier for friction between sliding, highly compressed brushes(17). Qualitatively, this occurs because at higher sliding velocities the extent of brush interpenetration decreases, so that the overall frictional drag varies more weakly with increasing v s than if the interpenetration zone remained at constant thickness (6, 17) . Water molecules in hydration layers have been shown to act as very efficient lubricants in the case of hydrated ions trapped between charged surfaces(10). This results from their being tenaciously attached, on a time-average, to the enclosed ionic charges, so that the resistance to dehydration leads to their ability to support a large pressure. At the same time, the hydrationwater molecules are able to rapidly exchange with other hydration or free water molecules (10, 25) , and so to behave fluidly when sheared at rates lower than these exchange (relaxation)
rates. This, we believe, is also the origin of the low friction in the present system. Together with the stronger attachment of the grafted-from chains, it ensures the robust nature of the brushes when compared with the polyelectrolyte chains that were sheared off(15). We attribute the ability of the hydration shells about the MPC monomers to lubricate at much higher mean pressures, relative to those at which previously-studied polyelectrolyte brushes were removed by friction, to the higher and more tenacious hydration(18-21, 23) of their phosphorylcholine groups. The slight increase in the friction coefficient with increasing salt concentration, Table   1 , may be attributed to some salting-out of the pMPC monomers at the higher salt concentration, as observed in other PC systems (26) , leading to reduced hydration of the monomers and thus to less efficient lubrication. Such an effect would also explain the small contraction of the brush height at the higher salt concentrations, seen in Fig. 2 .
It is appropriate to note the large reduction in wear of polymer/metal hip implants recently achieved (27) by growing a pMPC layer from the polyethylene acetabular surface. The corresponding friction coefficient, µ ~ 0.1, was not especially low. It is likely that this value of µ is dominated by a small number of high-friction asperity contacts between the sliding surfaces, which are far rougher than the mica substrate in our experiments, or by bridging of the pMPC chains between the acetabular surface and the metal countersurface to which they may adsorb.
This would result in higher friction relative to the values we measure between two pMPC brushes. A comparably high friction coefficient, ~ 0.1, was also measured(28) in a recent pinon-disk tribological study between pMPC-coated surfaces under water. The detailed role of these in the lubrication process, as well as of the cartilage substrate itself, has yet to be clarified. Moreover, cartilage is softer and much rougher than mica, though at these high pressures it may deform affinely (30) : experiments on similarly soft and roughened brush-coated surfaces could potentially provide insight into the mechanisms operative in cartilage-cartilage friction. We note here the very efficient lubrication afforded by the highlyhydrated, phosphorylcholine-like monomers on our pMPC chains. The structure of these is similar to that of lipid headgroups, which provides some context for the recent, if controversial suggestion that lipid multilayers may have a role in mediating synovial lubrication (29) , particularly in view of recent findings on the mechanism of boundary lubrication under water (11) . Finally, although our polyzwitterionic brushes have no direct analogue at cartilage surfaces, our results underline the possible importance at such surfaces of highly hydrated macromolecules in both chondroprotective and lubrication roles.
In summary, we have shown that brushes of a biocompatible polyzwitterion, pMPC, are capable of providing extremely efficient lubrication in aqueous media, with coefficients of friction µ ≈ 0.001 at mean pressures up to 7.5 MPa, comparable to values in human synovial joints. We attribute the low friction at the high pressure primarily to the lubricating action of tenaciouslyattached but labile water molecules about the strongly hydrated MPC monomers. Our results may have relevance for boundary lubrication in man-made systems in aqueous or physiological media, as in biomedical devices where friction and wear is often an issue.
expected to commence at the weaker bonds attaching the macroinitiator to the mica. a -see (12-section B, 14) . 
